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Abstract 
World leaders have been discussing how to mitigate climate change for decades now, yet 
little progress has been made. Despite serious efforts by some countries, global greenhouse gas 
emissions increased 2.7% in 2018, reaching a record high 37.1 billion tons of carbon dioxide 
(Dennis & Mooney, 2018). To avoid irreparable damage to the environment, greenhouse gas 
emissions must be reduced dramatically over the next decade. The biggest area of focus for many 
governments and utilities is decarbonizing the electricity sector. The levelized cost of electricity 
(LCOE) for wind and solar is now below that of conventional sources in all major economies 
except for Japan (Ross, 2018). However, renewable energy is intermittent, and cannot be 
controlled like conventional generation assets. Because of this, the rise of renewable energy is 
also a major driver for the growth of the energy storage market. There are many applications of 
energy storage technology, but this thesis will focus specifically on the potential to replace gas 
“peaker” plants with hydrogen energy storage in the 2030 time frame. This will not only result in 
decreased greenhouse gas emissions, but may help utilities decrease operating costs. Hydrogen is 
the best storage technology for this application because: 
1. Hydrogen technology can meet the long discharge times and rapid start up usually 
required of peaker plants. 
2. Hydrogen has the ability to store energy for weeks, or even months at a time. (World 
Energy Council 2016).  
3. While other long-term storage technologies have very specific geographic restrictions, 
the production and storage of hydrogen can be distributed and is easily scalable.  
 
The primary goal of this research paper is to predict the role that hydrogen storage will 
play in replacing gas peaker plants by the year 2030. The paper will start by analyzing each 
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energy storage technology in detail, and will explain why hydrogen is the best long-term storage 
technology to provide peaking capacity. It will then look at the role of gas peaker plants, and 
how this role will change due to the rise of renewable energy between now and 2030. Finally, the 
paper will move to an analysis of hydrogen production, distribution, and storage technology, as 
well as an analysis of fuel cell technology. It will discuss the unique properties of hydrogen, and 
what specific hydrogen production and storage technologies are expected to be dominant in 
2030.  
 Ultimately, this paper predicts that there will be approximately 5 GW of hydrogen energy 
storage in 2030 that will be used for peaking capacity in the United States. A typical system will 
use a Proton Exchange Membrane electrolyzer for hydrogen production, simple compression to 
store the hydrogen, and a Proton Exchange Membrane fuel cell to convert the hydrogen back into 
electricity. These systems will make use of excess renewable energy from the grid, minimizing 
their environmental impact.  
Government’s interest in hydrogen as a storage medium has recently been augmented.  
On March 4, 2019, the Department of Energy announced up to $31 million in funding to advance 
the H2@Scale concept.  The focus is to “enable affordable and reliable large-scale hydrogen 
generation, transport, storage, and utilization in the U.S. across multiple sectors” (EERE News, 
2019). The DOE recognizes the incredible potential for hydrogen storage, and is working closely 
with the private sector to bring innovative technologies to market.  
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Introduction- Peaker Plants in the Electricity Sector 
Historical Use 
In an electricity grid, the supply of energy always has to equal or exceed the demand for 
energy. The ideal situation for a utility would be if demand remained perfectly constant 
throughout the day, and throughout the year. If this were the case, the utility would just have to 
construct enough generation capacity to meet the constant level of demand. Unfortunately for 
utilities, this is not the case. Demand for electricity is constantly fluctuating as people use lights, 
appliances, and air conditioners. This means that utilities have to plan their generation portfolio 
to around meeting “peak demand”, or the time when electricity consumption is at its highest. 
This is usually during afternoons in summer, when air conditioners are running, and during the 
mornings in winter, when heating systems are running (Susser, 2018). For example, peak 
demand for the year in North Carolina happens during the winter, although it is worth noting that 
there are many other slightly smaller peaks during the summer (Susser, 2018).  
Utilities have two basic options to meet peak demand. The first option is to turn to the 
electricity markets and purchase electricity from other utilities (Susser, 2018). The other option 
is to construct “peaker plants”. These plants are usually powered by natural gas because gas 
turbines can quickly adjust generation as needed. Peaker plants are used very infrequently 
compared to baseload generation assets, making them very expensive. Reportedly, 84% of 
peaker plants in the United States have an “average capacity factor of 10% or less” (Mullendore, 
2018). Furthermore, to meet capacity requirements, utilities will sometimes make capacity 
payments to peaker plants regardless of whether they produce any energy or not. While this is a 
very costly and inefficient way to produce power, there is currently no other alternative from a 
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technological standpoint. The installed peaking capacity in the United States was 120 GW as of 
2018 (Mullendore). Figure 1 shows that these plants are usually located close to population and 
load centers, and there are especially high concentrations in the Northeastern United States and 
in the upper Midwest. The close proximity to population centers makes pollution from peaker 
plants especially damaging from a public health perspective.  
Figure 1. This map shows the location of all of the gas peaker plants in the United States 
as of 2016. (Mullendore, 2018).  
Future Use   
The rise of renewable energy has caused the role of peaker plants to change. Gas plants 
are now additionally used as a flexible generation source to balance out times of low production 
from wind and solar. This is the most noticeable during late afternoon in the spring, when some 
utilities experience a “duck curve” in electricity generation. This is most prominent in California, 
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where over-generation of solar during the middle of the day triggers the need for a massive 
“ramp up” of traditional generation sources to meet peak demand in the afternoon. The 
California Independent System Operator (CAISO) is responsible for facilitating the wholesale 
power market in California to ensure that the grid is safe and reliable (California ISO, 2019). 
This involves forecasting demand, and the ISO “dispatches the lowest cost source to meet that 
demand” (California ISO, 2019). Figure 2 shows that, on a typical spring day, CAISO has to 
ramp up about 13 GW of generation assets in just three hours (California ISO, 2016). This ramp 
is costly, inefficient, and technologically challenging.  Over-generation can also lead to 
widespread curtailment of solar and wind resources, which is a waste of clean energy. For 
example, in 2016, CAISO had to curtail more than 308 GWh of renewable energy due to 
oversupply (California ISO, 2017).  
Figure 2: This graph shows the daily net load profile for the California Independent 
System Operator (California ISO, 2016). Net load is the electricity demand that must be met 
from sources other than wind or solar.     
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In addition, as overall electrification of the economy increases, grid operators will begin 
to see more winter peaks, especially in the eastern part of the country (Nadel, 2018). The graphic 
below (Figure 3), was taken from an NREL study about electrification. The maps show both the 
seasonality and the magnitude of peak load in the year 2015, and the year 2050 under the “high 
electrification” scenario. This study projected that there will be many more and larger peak loads 
during the winter months in 2050 than there are now. This is caused by electrification of heating 
systems, industrial processes, and transportation (Nadel, 2018). Although the year 2050 is 
beyond the scope of this paper, the graphic shows how the trend towards electrification changes 
the seasonality and the size of peak demand. To meet these demands, and the demands of more 
renewable energy, analysts are projecting that 20 GW of peaking capacity will have to be added 
in the next decade to maintain grid reliability (EnergyWatch, 2018). In California in particular, 
there is currently 21 GW of peaking capacity, with an estimated 13 GW set to retire in the next 
20 years (Denholm, Hohenstein, Morris, Smith, 2018).  
Figure 3. This figure was taken from an NREL study about electrification of the economy. The 
size of each pie chart shows the total electricity demand during the peak hour for the year. The 
colored wedges show the seasonality of the 100 hours with the highest demand (Nadel 2018). 
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State of Energy Storage  
Need for Energy Storage  
 Energy storage can provide four different services to electric utilities. The first is 
arbitrage, which simply involves storing energy during off-peak periods or times of high 
production, and then dispatching the energy later when it is needed. This service is usually 
performed by batteries or other short-term storage technologies, and is the primary application 
for storage paired with renewables. Unlike conventional generation sources, intermittent 
renewable energy sources do not produce 24 hours per day. Similarly, while production from 
renewable sources can be predicted quite well it cannot be controlled. In this application, storage 
enables grid operators to have more control over when energy is dispatched to the grid.  
 The second application of storage technologies is frequency regulation. Grid operators 
must keep a constant frequency of 60 Hertz on the grid to keep it stable. Storage technologies 
with very fast response times, such as lithium-ion batteries and flywheels, are very well suited 
for this application since frequency can change very quickly. Fluctuating generation from 
renewable sources will cause the grid frequency to change even more, increasing the need for 
frequency regulation from storage (Bayar, 2018).   
The third application is seasonal energy storage, which refers to methods such as 
hydrogen storage and power to gas. These long-term storage methods are capable of storing 
energy for weeks or months. Seasonal storage is crucial for the integration of renewable 
technologies because it can help to “bridge periods of low wind and photovoltaic generation” 
(World Energy Council, 2016). Figure 4 shows that wind and solar appear to complement each 
other, with wind producing more during the winter months, and solar producing more during the 
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summer months. However, the variability in production from month to month highlights the need 
for long term storage. Seasonal storage allows utilities to store energy in the spring or fall, when 
renewable production is high but demand is low, and discharge it during either high demand 
times, or times when renewable production is low.  
 
Figure 4: This graph shows measured monthly capacity factors for wind and solar in the US in 
2016 and 2017. (U.S. Energy Information Administration, 2019).  
 The final application of storage, and the main focus of this paper is peak shaving, 
sometimes referred to as load shifting. Stored energy can help to meet peak electricity demand, 
which can reduce or eliminate the need for gas or other types of peaker plants. As previously 
mentioned, California is experiencing a “duck curve” problem, caused by peak solar production 
not aligning with peak electricity demand. As a result, some solar production is curtailed to 
maintain grid stability. Both short and long-term energy storage can help to solve this problem 
by consuming electricity during peak solar production, and dispatching the energy during peak 
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demand. This problem can also be addressed in part through demand response, which could help 
shift some demand to times of high renewable production.  
 
Growth of Renewable Energy and Energy Storage  
The explosive growth of renewable energy over the past several years has also been a 
main driver of the energy storage market. This has led to cost reductions for storage as well as 
increased R&D in new technologies. The strong growth of renewable energy will continue to 
2030 and beyond, creating demand for more grid-based energy storage. For example, at the end 
of 2018, there was 96 GW of installed wind energy capacity in the United States (U.S. Energy 
Information Administration, 2019b). The Department of Energy projects an additional 128 GW 
of installed wind capacity by 2030, both offshore and onshore, for a total of 224 GW (U.S. 
Department of Energy, 2019). For solar, the EIA projects 163 GW of installed capacity in 2030 
(U.S. Energy Information Administration, 2019c). This is a 154% increase over the 64 GW of 
solar installed at the end of Q3 2018 (Solar Energy Industries Association, 2019).  
As a result of this growth, utilities around the country are seriously investing in energy 
storage. For example, Duke Energy plans to invest a combined $500 million in North and South 
Carolina to procure 300 MW of battery storage over the next 15 years (Wheeless, 2018). While 
the main focus for Duke is improving reliability, these assets will also be aiding with the 
integration of renewables. In some areas, storage projects will also help to keep costs down. A 
battery project planned in Hot Springs, North Carolina will help Duke delay costly infrastructure 
improvements (Wheeless, 2018). Globally, the investment in energy storage research was $660 
million in Q3 2016, and cumulative deployment of batteries alone could hit 250 GW by 2030 
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(World Energy Council, 2016). Figure 5 shows that global energy storage deployments will near 
1 Terawatt by 2040 (Henze, 2018).  
 
Figure 5. This figure shows projected cumulative energy storage deployments through the year 
2040, broken up by country. (Henze, 2018).  
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Energy Storage Technology 
There exists a wide range of commercially available energy storage technologies, and there are 
many more in development. Figure 6 shows each type of energy storage broken up into 
categories. This paper will discuss each type of storage listed.  
Figure 6: Energy Storage Types. CAES is Compressed Air Energy Storage. LAES is Liquid Air 
Energy Storage. SNG is Synthetic Natural Gas. (World Energy Council, 2016). 
Mechanical Energy Storage  
 Mechanical is the oldest and most proven type of energy storage. Most of the systems are 
relatively simple, making them fairly easy to build and inexpensive to operate.  
Pumped Hydro 
 Pumped hydro storage is a very prevalent type of energy storage in the United States and 
around the world. In 2016, pumped hydro accounted for “95% of global energy storage capacity” 
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(World Energy Council, 2016). Domestically, there is 23 GW of installed pumped hydro, making 
up 98% of energy storage capacity in the US (National Hydropower Association, 2018). The 
technology uses two connected reservoirs to store energy. During times of low demand, water is 
pumped from the lower reservoir to the upper reservoir, and during times of high demand, the 
water is released back down to the lower reservoir. Despite very high capital costs, pumped 
hydro has one of the lowest levelized costs of any storage technology due to its simplicity 
(World Energy Council, 2016). In suitable areas, pumped hydro is less costly than building a 
peaker plant, or deploying battery storage, which is the main reason that so much of it has been 
built over the past century.  
 However, pumped hydro storage has some significant drawbacks. The first and most 
inhibiting factor is the specific geography required to build two large reservoirs. The location 
needs a reliable water source, a significant elevation difference, and quite a bit of space to make 
the project viable. Finally, pumped hydro only makes sense on a large scale, from both an 
economic perspective and a technology perspective. Thus, it cannot provide distributed energy 
storage, like other technologies can. While there is some potential for growth in this area, a lot of 
large-scale hydropower is already built out. The EIA is predicting electricity generation from 
hydropower will stay constant for at least the next few years (U.S. Energy Information 
Administration, 2019b).   
Compressed Air  
 Compressed air energy storage involves storing air under very high pressures, typically in 
an underground cavern, and then releasing the pressurized air to turn a turbine (PowerSouth, 
2017). Typically, the plants burn natural gas to further heat and expand the air (PowerSouth, 
2017). While this produces only one-third the emissions of a gas plant, this is a drawback 
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compared to other technologies because it means that compressed air is not a “zero emissions” 
storage option (PowerSouth, 2017). Compressed air has only been deployed in a few areas 
around the world due to the fact that the systems require a large, underground, relatively 
impervious cavern to store the air. This makes this technology even more geographically 
restricted than pumped hydro.  
 Despite these limitations, there are two noteworthy compressed air plants in the United 
States. There is a 110 MW system in McIntosh, Alabama that has been operational since the 
1990s (PowerSouth, 2017). The second system is a 317 MW plant in Texas, planned to be 
operational in 2020 (Apex CAES, 2019). This plant will be able to reach “full load in just 10 
minutes from a cold start” (Apex CAES, 2019). The main benefits of compressed air storage are 
that it is quite inexpensive, and has a round trip efficiency as high as 70% (World Energy 
Council, 2016). However, similar to pumped hydro, compressed air only makes sense as a large-
scale storage technology and can only be deployed in an area that fits the geographic 
requirements.   
Liquid Air  
 Liquid air energy storage (LAES) is a relatively new technology that is currently being 
demonstrated in the United Kingdom, where a 5 MW/15 MWh system came online in mid-2018 
(Geuss, 2018). Also known as cryogenic energy storage, LAES works best in an arbitrage 
application, using excess power to compress and liquefy air (World Energy Council, 2016).  
Then, when energy is needed, the air is heated and expanded to release energy (World Energy 
Council, 2016). LAES does not face the same geographic restrictions as compressed air or 
pumped hydro, but is less efficient. The round-trip efficiency is between 60% and 75% (Geuss, 
2018). Potential applications for LAES involve pairing the technology with a “low-grade heat 
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source, such as an industrial process” (World Energy Council, 2016). The heat can be used to 
expand the air, making the process less energy intensive.  
Flywheels  
 A flywheel storage system uses electricity to spin a rotating disc or a wheel, usually in a 
vacuum to minimize resistance (World Energy Council, 2016). These systems can deliver a large 
amount of power, but have a discharge time of only seconds to minutes (World Energy Council, 
2016). This makes flywheels suitable for frequency regulation applications. Flywheels can also 
be good for short-term storage, but lose significant amounts of energy over time, and the wheel 
will eventually come to a complete stop. Despite these limitations, there are three demonstration 
projects in the United States: a 20 MW system in New York, a 20 MW system in Pennsylvania, 
and a 2 MW system in Alaska (U.S. Energy Information Administration, 2018). There is another 
20 MW system that is expected to come online in 2020 in California (U.S. Energy Information 
Administration, 2018). 
Thermal Energy Storage 
 Thermal energy storage has many short-term applications, but these methods are prone to 
“cooling off” and losing energy over time as the storage medium loses heat.  
Sensible Thermal Storage  
 This method involves using electricity to heat a storage medium, such as water, oil, rocks, 
or concrete. This is the simplest method of thermal storage.  While this application does not have 
many large-scale applications, it can be used to help with load shifting. For example, “smart” 
water heaters can heat water during off-peak times, and store the hot water until it is needed.  
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Latent Thermal Storage  
 Latent thermal storage most often refers to using molten salts. These salts store energy as 
heat, which can be used to generate steam and run a turbine, or to provide a heat directly to a 
building (World Energy Council, 2016). This technology is usually used in conjunction with 
large-scale concentrated solar power (CSP) plants because the CSP can provide the heat needed 
for the molten salts. For example, the 110 MW Crescent Dunes solar facility in Nevada is a CSP 
project that uses molten salt storage. In this application, the salts allow the facility to continue to 
run at full capacity for 10 hours after the sun goes down (SolarReserve, 2019). The pairing of 
these two technologies works very well in the desert where there is strong, consistent sunlight, 
and the capital costs are dropping rapidly. However, once again, molten salt storage may be 
geographically restricted. If it is only cost-effective in CSP applications, then molten salts may 
be limited to desert environments.  
 Another form of latent thermal storage is using ice to store energy. “Storing cold” can be 
used to reduce peak air conditioning loads (World Energy Council, 2016). Ice Energy is a startup 
focusing on this area, which is another form of load shifting. The company’s projects use off 
peak energy to cool a block of ice, which can then provide cooling to buildings and homes later 
in the day (Spector, 2018). The company is deploying their systems in homes on Nantucket, 
which will “mitigate the need for a new transmission line running to the island” (Spector, 2018).  
Thermochemical Storage  
 In thermochemical storage systems, energy is stored through a reversible chemical 
reaction (World Energy Council, 2016). This storage technology can also be applied to CSP 
plants. The heat from the concentrated sunlight can be used to drive an endothermic reaction, and 
energy is stored chemically. When energy is needed, the reverse reaction releases heat, which 
can be used to create steam and drive a turbine (AuYeng, Kreider, 2017). Several chemicals can 
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be used in this process, including “silica gel, zeolite, metal hybrids, or zinc” (World Energy 
Council, 2016). The main drawbacks of thermochemical storage are the durability of the 
materials used, the complexity of the systems, and the need for a large amount of heat (World 
Energy Council, 2016). For the time being, molten salts will likely be the main technology used 
in CSP plants.  
Chemical Energy Storage (Power to Gas) 
Hydrogen Storage 
 The first kind of chemical energy storage is hydrogen storage. Through this method, 
electricity is used to make hydrogen gas via electrolysis. The hydrogen can be stored in a variety 
of ways, and then later converted back into electricity using a fuel cell, producing only water 
vapor and heat. Additionally, hydrogen can be injected into the natural gas grid, “storing” it to be 
burned later. When there is a low percentage of hydrogen compared to natural gas, the mixture 
can be burned the same as normal natural gas (International Renewable Energy Agency, 2018). 
Since hydrogen is the main focus of this paper, this storage method will be discussed at great 
length in a later section.  
 Synthetic Natural Gas  
 Synthetic natural gas (SNG) refers to making methane artificially. This process starts off 
by making hydrogen through electrolysis. The hydrogen is then combined with carbon dioxide to 
make methane. The methane can then be injected into the natural gas grid, and can be used in 
homes or power plants. Currently, there are 30 such demonstration projects in Germany, and 
more are planned or under construction (Power to Gas, 2019). This option is being pursued in 
several places around the world because it makes use of existing gas and power generation 
infrastructure. The major drawbacks of this technology are that it is still carbon-based, and gas 
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pipelines are subject to leakage. Methane has a much higher global warming potential than 
carbon dioxide, so any leaks greatly reduce the environmental benefits of the system. 
Electrochemical Energy Storage  
 Most of the recent discussion about energy storage systems has been about 
electrochemical storage in batteries. Since renewable energy does not yet constitute a large share 
of electricity generation in most markets, there is not a need for long-term energy storage and 
batteries can meet the storage needs of grid operators.  
Sodium-Sulphur (NaS) Batteries  
 Sodium-Sulphur batteries were the “dominant technology in the 2000s, accounting for 
60% of worldwide installations” (World Energy Council, 2016). This prevalence is attributable 
to high efficiency, long lifetime, and low cost. However, NaS batteries are a “high temperature” 
storage method, operating at 300- 350 degrees Celsius (Energy Storage Association, 2019). The 
battery must operate at this temperature to keep the sodium and sulfur in their liquid states 
(Energy Storage Association, 2019). This temperature requirement presents an “operational issue 
for intermittent operation” (Energy Storage Association, 2019). Lithium-ion batteries have 
started taking over because they are now lower in cost, and offer superior energy and power 
density (World Energy Council, 2016).   
Lithium-ion Batteries  
 Installations of lithium-ion batteries have grown significantly over the past few years, and 
are becoming a popular technology for both grid-based and behind the meter storage. The cost to 
produce lithium-ion batteries has fallen tremendously, in large part due to economies of scale 
achieved through mass-production of electric vehicles. Between 2014 and 2017, average battery 
costs decreased by more than 10% annually (Maloney, 2018). These batteries are good for short-
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term storage, but will lose energy over time (World Energy Council, 2016). Thus, they are only 
used to store energy for hours or a few days at a time. Additionally, these batteries have a limited 
number of cycles before they are too worn out to be useful (World Energy Council, 2016).  
Flow Batteries  
 Flow batteries are a relatively new battery technology that commonly use vanadium. 
They store electrolytes as liquids in storage tanks, rather than within the battery (World Energy 
Council, 2016). This makes flow batteries unique because the “storage capacity can be increased 
by increasing the volume of the storage tanks” (World Energy Council, 2016). Flow batteries 
offer superior performance to lithium-ion, and have longer lifetimes (World Energy Coucnil, 
2016). However, similar to lithium-ion batteries, flow batteries self-discharge over time, and 
have a maximum discharge time of only a few hours (World Energy Council, 2016). 
Additionally, since the electrolyte is stored as a liquid, flow batteries have much lower energy 
density and lower power density than other batteries (World Energy Council, 2016).  
Electrical Energy Storage  
Super-Capacitors  
Super-capacitors are capable of delivering a large amount of power for a very short 
period of time (World Energy Council, 2016). While they are more costly than batteries, they are 
also more durable, with the ability to provide more charge/discharge cycles (World Energy 
Council, 2016). Although research is being done to slow and control the discharge time, right 
now super-capacitors are well suited “for very short-term power applications”, and are thus 
cannot be used to provide peaking capacity (World Energy Council, 2016).  
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Providing Peaking Capacity with Energy Storage  
 
 Each storage technology discussed in the previous section has different characteristics 
that make it suited for different storage applications. Two of the most important performance 
characteristics for this application are a technology’s discharge time and capacity. These 
characteristics are graphed in Figure 7. As previously mentioned, technologies such as super-
capacitors and flywheels are very well suited for delivering high amounts of power over a short 
time, making their energy capacity quite low. At the other end of the spectrum, pumped hydro 
and power to gas are capable of delivering significant amounts of power over a long period of 
time, making their energy capacity quite high.  
 
 (Figure 7) This diagram shows energy capacity vs. discharge time for various 
technologies. LAES is Liquid Air Energy Storage, CAES is Compressed air Energy Storage, 
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PtG- H2 is power to gas-hydrogen, and PtG- SNG is synthetic natural gas. Power to gas refers to 
using electricity to either make hydrogen gas or methane gas (World Energy Council, 2016).   
Figure 8 shows similar data about discharge time, but also includes much more 
information about other performance metrics for storage technologies. While all characteristics 
are important, the most notable ones for this application of energy storage are the power rating, 
discharge time, self-discharge and response time.  
(Figure 8) This graphic shows each energy storage technology and its properties. Notice that 
Hydrogen, with an energy density of 600 Wh/l ranks ahead of every other storage type, except 
for synthetic natural gas. Additionally, in power density, the upper bound of its range is above 
most of the technologies except for batteries, flywheels, and super-capacitors. Power and energy 
density are measured in watts per liter, and watt-hours per liter, respectively (World Energy 
Council, 2016).     
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Storage Options to Replace Peakers 
 
(Figure 9) This figures shows the energy storage technologies divided up into categories based 
on duration of storage, and their applications. (World Energy Council, 2016) 
 Figure 9 shows how different storage technologies are well suited for different 
applications based on their characteristics. This section will focus on the category known as 
seasonal storage technologies, which usually includes pumped hydro storage and power to gas. 
These have the best characteristics for replacing peaker plants for a number of reasons. Seasonal 
storage options can typically meet both the short and long discharge times of peaker plants while 
providing much faster response times than gas plants. These technologies can also store energy 
for weeks or even months, meaning that they can help balance the seasonality of renewable 
energy. As previously mentioned, renewable energy curtailment is highest during the spring and 
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fall, when production is high, but energy demand is low. Seasonal storage has the potential to 
make use of this otherwise wasted energy. Finally, gas plants have to “idle” before producing 
energy, while energy storage technologies do not.  
 It is worth noting that, in California, four hour storage will be sufficient to meet a large 
amount of peak demand (Denholm et. Al, 2018). This is due to California’s sunny weather and 
large amounts of installed solar. Not every market is similar to California, and in colder markets 
where the solar resource is not as good, longer duration storage will be necessary to meet peak 
demand (Denholm et. al, 2018). Hydrogen energy storage is the best technology to meet this 
need. Hydrogen storage facilities can be built anywhere, since the technology does not face the 
same geographic restrictions that technologies such as compressed air storage and pumped hydro 
storage face. Synthetic natural gas is viable, but this storage method would still use gas peaker 
plants to meet peak demand, and would not be able to take advantage of the fast response times 
and zero emissions that other storage technologies can provide. Hydrogen energy storage has 
significant potential to be a resource for efficient, distributed energy storage. Hydrogen’s unique 
properties mean that these storage systems can: 
a. Range in size from a few kilowatts to 100 megawatts or more. Every component 
of a hydrogen system is modular and can easily be scaled. Other seasonal storage 
options can only exist at a large scale.  
b. Meet the long discharge times sometimes required of peaker plants. A hydrogen 
system’s runtime is only limited by the amount of hydrogen gas available.  
c. Provide a flexible load that can be scaled to meet energy generation. Electrolyzers 
can turn on in less than a minute, and can run at less than full capacity, making 
them an ideal way to use excess energy during times of high renewable 
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production and store it for the future. Since hydrogen can be stored for weeks or 
months at a time, the gas can be produced during the spring, for example, and 
stored until peak demand in the summer.  
Hydrogen Technology  
 This next section will provide an in-depth analysis of hydrogen technology including   
hydrogen production, storage, and fuel cell technology.  
Hydrogen Production Technology  
While there are many different methods for producing hydrogen, there are only a few that 
will be addressed in this paper. This is because focus of this thesis is hydrogen as a storage 
method for specifically renewable energy and the potential of this technology to replace natural 
gas peaker plants. There are widely used methods for turning methane and coal into hydrogen 
gas, but these methods are not applicable for the purpose being discussed, and do not provide 
greenhouse gas emissions reductions.. As of now, 95% of hydrogen is produced from steam-
methane reformation and other fossil-fuel based methods that take place in large, centralized 
plants (International Renewable Energy Agency, 2018). This paper will look at four different 
production methods: Alkaline electrolyzers, Proton Exchange Membrane electrolyzers, Solid 
Oxide electrolyzers, and nuclear hydrogen. . 
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Figure 10: This figures shows all of the methods for producing hydrogen, the feedstocks they 
require, and their relative maturities. (International Renewable Energy Agency, 2018). 
  
Alkaline Electrolyzers  
 Alkaline electrolyzers have been in use in the chemical industry for the past century, and 
are thus a much more mature technology than the other electrolyzer types (International 
Renewable Energy Agency, 2018). The main benefits of these electrolyzers are a long lifetime 
and higher efficiencies than other technologies (International Renewable Energy Agency, 2018). 
However, they are very slow to ramp up and down, meaning that it would be difficult to pair 
these electrolyzers directly with a renewable energy source.  
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Proton Exchange Membrane (PEM) Electrolyzers 
 PEM electrolyzers are an emerging technology, having only recently reached maturity 
(International Renewable Energy Agency, 2018). However, this technology offers some key 
benefits over alkaline electrolyzers. The most notable benefit is that PEM electrolyzers can ramp 
up and down much more quickly, making them a better technology to pair with intermittent 
generation from renewables (International Renewable Energy Agency, 2018). This is shown in 
Figure 11. Another benefit is that the output pressure is higher, which reduces the need for 
compression to store the hydrogen (International Renewable Energy Agency, 2018). The main 
drawback of this type of electrolyzer is higher capital costs, and slightly lower efficiencies than 
alkaline electrolyzers (International Renewable Energy Agency, 2018).  However, capital costs 
are expected to continue to come down over the next decade.   
Figure 11. This table highlights the performance differences between Alkaline and PEM 
electrolyzers. (International Renewable Energy Agency, 2018) 
Solid Oxide Electrolyzers (SOEC) 
 SOEC electrolyzers are another emerging technology that is still in the demonstration 
phase (International Renewable Energy Agency, 2018). SOEC electrolyzers are unique because 
they operate between 700 and 800 degrees Celsius (Bailey, Miri, Press, Santhanam, Takacs, 
2018). This extremely high operating temperature “holds the potential of improved energy 
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efficiency” (International Renewable Energy Agency, 2018). The high heat requirements restrict 
this technology somewhat, although there is significant potential to pair SOEC electrolyzers with 
a nuclear reactor, concentrated solar plant, or geothermal plant (International Renewable Energy 
Agency, 2018).  
Nuclear Hydrogen  
 Nuclear hydrogen is still in very early stages, but there is significant research and 
development in this area. In this production method, the waste heat from a nuclear reactor is used 
to drive hydrogen production, making the plant more efficient overall, and providing a zero 
carbon source of hydrogen. Nuclear hydrogen can use a few different processes, but the most 
promising are high temperature electrolysis and thermochemical water splitting. High 
temperature electrolysis takes place at 2500 degrees Celsius, and is much more efficient than 
other types of electrolysis because the “thermal decomposition of water is dominant” (Bailey et. 
al, 2018). The electrical input required is greatly reduced because of the extremely high 
temperatures (Bailey et. al, 2018).  
 Thermochemical water splitting uses a chemical catalyst to drive high temperature 
electrolysis. Depending on the catalyst, this process takes place between 500-2000 degrees 
Celsius (Bailey et. al, 2018). Cerium oxide and copper chloride are two catalysts that are being 
researched heavily (Bailey et. al, 2018). The systems can be designed so that the catalysts are re-
used in a closed loop, but finding a durable catalyst that can be used for many cycles has proven 
to be one of the challenges for nuclear hydrogen. Either thermochemical water splitting or high-
temperature electrolysis could be paired with Very High Temperature Reactors (VHTR). VHTR 
are designed with average coolant outlet temperatures above 900°C and operational fuel 
temperatures above 1250°C (McNelis, 2019). 
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If hydrogen technology can mature to the point that nuclear hydrogen becomes viable, 
then it would allow zero carbon hydrogen production at a very large scale. A 1 GW nuclear 
reactor could produce upwards of 200,000 tons of hydrogen annually (Office of Nuclear Energy, 
2018). At this rate, it would only take “ten reactors to supply one-fifth of the current hydrogen 
used in the United States” (Office of Nuclear Energy, 2018). This could provide a significant 
additional revenue stream for nuclear plants if the hydrogen is sold to nearby manufacturing 
facilities. For example, “reactors in Ohio could sell hydrogen to steel and other manufacturing 
plans, and reactors in the Midwest could target fertilizer producers” (Office of Nuclear Energy, 
2018).  
However, one of the major challenges for nuclear hydrogen production is finding nuclear 
reactors to pair it with. Because of system design requirements and costs, it only makes sense to 
pair nuclear hydrogen with new reactors, rather than retrofitting old ones. While there may be 
some new deployment of small, modular reactors, which require significantly lower capital 
investments than conventional reactors, the EIA is projecting an overall 11.8% decline in nuclear 
power in the US by 2040 (Johnson, 2017). Nuclear hydrogen looks more promising in markets 
such as China and India, where there will be significant growth in nuclear power in the coming 
decades (Johnson, 2017).  
Best Technology for Hydrogen Production  
 As previously mentioned, hydrogen is currently produced in large, centralized plants. 
This is in part due to the fact that it is consumed in large quantities by industry and usually the 
production and consumption of hydrogen happens in the same place. In the future, hydrogen 
production for industry will likely either continue to use alkaline electrolyzers, or use nuclear 
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hydrogen. This way, industry can produce all of their hydrogen onsite, minimizing the need for 
transportation.  
However, a more likely outcome for hydrogen as an energy storage method is distributed 
generation and consumption. From a reliability and resiliency perspective, the grid benefits 
greatly from having distributed energy resources (DERs). For this reason, the best method for 
hydrogen production will be a system that is distributed, and uses either an Alkaline or a PEM 
electrolyzer. The other electrolyzer types do not make sense for distributed production because 
of their high heat requirements. Between these two choices, the PEM electrolyzers will be best 
suited for pairing with renewable energy. As previously mentioned, PEM electrolyzers can ramp 
up and down much more quickly than alkaline. With quick response times, hydrogen production 
can offer a flexible load that can be scaled to meet renewable energy generation. Additionally, 
PEM electrolyzers can provide ancillary services, such as frequency regulation to the grid, which 
assists in the integration of renewable sources and provides an additional revenue stream to 
hydrogen producers (International Renewable Energy Agency, 2018).  
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Hydrogen as an Energy Storage Method 
 
Figure 12 shows all of the potential end uses for hydrogen produced from renewable energy. 
(International Renewable Energy Agency, 2018).  
Hydrogen Storage Methods  
 Effectively storing hydrogen is one of the main challenges of using this technology. 
Hydrogen gas has a very low energy density, which makes it more difficult to store than other 
gases (Bailey et. al, 2018). Significant research is happening in this area, and “while progress is 
being made, an ideal technology for hydrogen storage is not yet available” (Bailey et. al, 2018). 
There are a few different methods currently used: Compression, liquid hydrogen, and composite 
materials.  
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Compressed Gas 
 Hydrogen, similar to other gases, can easily be compressed and stored. The gas is usually 
stored at either 350 bar (5000 psi) or 700 bar (10,000 psi) in cylinders (Bailey et. al, 2018). This 
method is used frequently to store hydrogen for backup power applications. These tanks are 
usually either steel, aluminum encased with carbon or fiberglass composite, or plastic encased 
with a carbon or fiberglass composite (Bailey et. al, 2018). The primary advantages of 
compression are “simplicity, practicality, indefinite storage time, and indefinite number of 
refueling cycles” (Bailey et. al, 2018). Additionally, compression is far less energy intensive than 
liquefying hydrogen. It takes about 10% of the energy contained in hydrogen gas to get it to 800 
bars of pressure (Bailey et. al, 2018). 
  
Liquid Hydrogen  
Hydrogen can also be stored as a liquid in superinsulated tanks. Liquid hydrogen is far 
denser than gaseous hydrogen. As a gas, 90g of hydrogen is 1m3, while at -253 degrees Celsius, 
90g of liquid hydrogen is 1.27 dm3 (Bailey et. al, 2018). However, this process is very energy 
intensive. Cooling hydrogen down to -253 degrees Celsius “takes energy equal to 30-40% of that 
in the fuel”. (Bailey et. al, 2018). These tanks are also subject to “boil off”. Despite the tanks 
being very well insulated, some of the hydrogen will still naturally heat up and escape the tank. 
Boil off is about 4% per day for tanks for transportation applications, and is likely similar for 
stationary applications (Bailey et. al, 2018). In addition, refilling tanks with liquid hydrogen 
requires very specialized infrastructure (Bailey et. al, 2018). This is the most expensive way to 
store hydrogen due to the energy intensity of the process and the specialized materials required.  
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Chemical Hydrogen Storage  
 Hydrogen can also be stored chemically in different metals and carbon nanostructures. 
One way that this can be done is with “reversible metal hydrides”. In this process, hydrogen 
reacts with a metal in an exothermic reaction to form a solid. This reaction is reversible, so when 
some heat is applied, the metal releases the hydrogen through an endothermic process. In another 
storage process, “alkali metal hydrides react with water to release hydrogen and produce a metal 
hydroxide” (Bailey et. al, 2018). This process is used commercially with sodium hydride 
spheres, sometimes called “Powerballs” (Bailey et. al, 2018). The chemical equation for the 
reaction is NaH + H2O → NaOH + H2. While inexpensive, this process is difficult because 
aqueous NaOH, one of the byproducts, is highly corrosive, and must be disposed of carefully 
(Bailey et. al, 2018).  
 Finally, there is potential to store hydrogen in the pores of various types of carbon 
nanostructures. Some nanostructures have been invented that can hold about 5-10% of their own 
weight in hydrogen (Bailey et. al, 2018). These structures have the benefit of a high volumetric 
density of stored hydrogen, and are being mostly looked into for fuel cell electric vehicles, rather 
than stationary storage (Bailey et. al, 2018). Similar to high temperature electrolysis, the problem 
with chemical hydrogen storage mostly has to do with finding an efficient, durable material to 
use that is also safe to handle.  
Hydrogen Distribution  
With distributed generation using electrolysis, there would be little to no need to 
distribute hydrogen after it is produced. However, if hydrogen is produced in a central location, it 
will need to be distributed to sites where it can be stored or used. There are a number of options 
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for distributing hydrogen. Today, hydrogen is “stored and transported in a compressed or 
condensed state as a gas or liquid” (Bailey et. al, 2018). Compression is usually favored due to 
its simplicity and low energy intensity compared to liquid hydrogen. Along short routes, 
hydrogen can be compressed and transported by truck to its final destination with minimal 
leakage. The challenges of liquid hydrogen have already been addressed in a previous section. 
Despite these challenges, Brunei is set to begin the first international supply of liquid hydrogen 
in 2020 (International Renewable Energy Agency, 2018). The hydrogen will be shipped to Japan, 
where there is higher demand for hydrogen. Other countries such as Argentina and Chile have 
also explored the option of producing liquid hydrogen from excess renewable energy for export 
to regions where there is demand (International Renewable Energy Agency, 2018). Liquefying 
hydrogen and shipping it across the world reduces the impact of hydrogen as a “zero emissions” 
energy source. It is likely more economical and environmental to produce hydrogen domestically 
then having liquid hydrogen shipped from across the world, especially for energy storage 
purposes.  
Finally, hydrogen can theoretically be transported in pipelines, similar to the way natural 
gas is transported. In reality, pipelines do not seem to be a realistic option because of a number 
of factors. Hydrogen is a very small molecule, and leaks very easily compared to natural gas. 
Hydrogen molecules are so small that they can even sneak into pores in metal, and accelerate the 
degradation of steel pipelines (Bailey et. al, 2018). To prevent hydrogen embrittlement, a 
pipeline designed to handle pure hydrogen gas would require specialized materials, increasing 
both capital costs and maintenance costs (Bailey et. al, 2018). Compressed hydrogen has a 
relatively low energy density, meaning that “even at 5,000 psi pressure, a hydrogen pipeline will 
carry only 12.8% of the energy compared to an equivalent gasoline line” (Bailey et. al, 2018).  
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 There are many challenges associated with each hydrogen distribution method. To avoid 
these difficulties, “existing chemical and petroleum industries mostly use hydrogen close to its 
point of manufacture” (Bailey et. al, 2018). The infrastructure that exists for hydrogen 
distribution cannot support a growing hydrogen economy, and it will be very costly to build a 
large-scale distribution network (Bailey et. al, 2018). For an energy storage application, it makes 
sense to produce, store, and use hydrogen all in the same place. 
Fuel Cell Technology  
Hydrogen is combined with oxygen and converted back into water in a fuel cell, releasing 
electricity and waste heat. For energy storage purposes, these are stationary fuel cells, which 
differ slightly in design from fuel cells for mobile applications. While stationary fuel cells can be 
used in a combined heat and power (CHP) settings, this paper will not focus on this application. 
Since the fuel cells will only run during peak energy demand, they could not be relied on to 
produce consistent heat throughout the day or year.   
Phosphoric acid fuel cells (PAFCs) 
 Phosphoric acid fuel cells (PAFCs) are a very mature technology, and currently 
“dominate the on-site stationary fuel cell market” (Bailey et. al, 2018). These fuel cells are up to 
80% efficient when used in CHP applications, but are only 37-42% efficient when generating 
just electricity (Fuel Cell Technologies Office, 2019). PAFCs operate best between 150 to 200 
degrees Celsius (Bailey et. al, 2018). A major benefit of PAFCs is that they are “not sensitive to 
impurities in the hydrogen flow” like other fuel cells are (Bailey et. al, 2018). Like many other 
fuel cell technologies, PAFCs are not very durable, and only last for 5 years (Bailey et. al, 2018). 
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PAFCs are expensive because they require a platinum catalyst, and are typically larger and 
heavier than other fuel cell types (Fuel Cell Technologies Office, 2019).  
Molten Carbonate Fuel Cells  
Molten-carbonate fuel cells (MCFCs) operate at temperatures 650 deg. Celsius and above 
(Bailey et. al, 2018). Similar to electrolyzers that run at similar temperatures, the high operating 
temperatures mean that non-precious metals can be used as catalysts, reducing capital costs (Fuel 
Cell Technologies Office, 2019). The other advantage of MCFCs is relatively high efficiency, 
which is almost 60% for electricity production, and 85% for CHP applications (Bailey et. al, 
2018). The high operating temperature means that MCFCs are not as durable as other fuel cells 
(Bailey et. al, 2018). Researchers are mainly focused on doubling MCFC life from about 40,000 
hours (5 years) to 10 years (Fuel Cell Technologies Office, 2019). MCFCs are unique because 
they can take advantage of “internal reforming” (Fuel Cell Technologies Office, 2019). Natural 
gas or biogas can be fed in, and the high internal temperatures convert the gas into hydrogen 
inside cell, reducing costs (Fuel Cell Technologies Office, 2019). Because of this feature, it may 
make more sense to pair MCFCs with biogas than pure hydrogen from an electrolyzer.  
Solid oxide fuel cells  
 Solid oxide fuel cells (SOFCs) have even higher operating temperatures than MCFCs, 
and can get as hot as 1,000 degrees Celsius (Fuel Cell Technologies Office, 2019). This means 
that SOFCs also do not require precious metal catalysts, and can reform fuels internally (Fuel 
Cell Technologies Office, 2019). Another benefit of SOFCs is that they are not as sensitive to 
sulfur and carbon monoxide as other fuel cells (Fuel Cell Technologies Office, 2019). This 
means that SOFCs can run on natural gas or biogas instead of hydrogen (Fuel Cell Technologies 
Office, 2019). These fuel cells are 85% efficient in cogeneration applications, but just 60% for 
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electricity (Fuel Cell Technologies Office, 2019). Similar to other high-heat fuel cells, the 
disadvantages of SOFCs are slow start up, low durability, and high cost. The cost is mostly due 
to the expensive materials required to withstand the high temperatures (Fuel Cell Technologies 
Office, 2019). The primary area of research is reducing operating temperature to increase 
durability and decrease cost (Fuel Cell Technologies Office, 2019).  
Proton Exchange Membrane fuel cells 
 Proton Exchange Membrane (PEM) fuel cells, like PEM electrolyzers, are an up and 
coming technology. These electrolyzers operate at around 80 degrees Celsius, which allows for 
quick start-up times and better durability than high-heat fuel cells (Fuel Cell Technologies 
Office, 2019). The downside of PEM fuel cells right now is the cost, since noble metals such as 
platinum are required for the catalyst (Fuel Cell Technologies Office, 2019). The other downside 
is that these fuel cells are “typically fueled with pure hydrogen supplied from storage tanks or 
reformers” (Fuel Cell Technologies Office, 2019). PEM fuel cells are very sensitive to impurities 
in the hydrogen. However, electrolyzers produce “Ultra high purity” hydrogen, which is 
99.999% H2 gas (Siemens, 2019). PEM fuel cells are likely to be dominant because they can 
offer much faster response times than the other fuel cells, and do not require an additional heat 
source.  
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Cost of Hydrogen Storage  
 As of now, the most prohibitive factor facing hydrogen technology is the cost. Capital 
costs of electrolyzers and fuel cells must come down to make hydrogen competitive with other 
storage technologies.  
 Figure 13. This chart shows the levelized cost of storage (LCOS), in Euros, in 2015 vs. 
projected costs for 2030. PSP is Pumped hydro storage, CAES is compressed air, FES is 
flywheel energy storage, P2G H2 is hydrogen storage, and P2G SNG is synthetic natural gas. 
(World Energy Council, 2016).  
This figure shows that, in 2015, the cost of hydrogen storage was about 3-4 times as 
expensive as both pumped hydro and compressed air storage. However, the graphic shows that, 
by 2030 the LCOS of hydrogen is projected to drop to about 125-222 Euros per MWh, which is 
directly comparable to what lithium-ion is projected to cost. Even if hydrogen costs more than 
battery technology, the seasonal energy storage and long discharge times that hydrogen can 
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provide are very valuable services, and are services that batteries cannot provide. The cost of 
hydrogen will remain below the cost of synthetic natural gas, probably due to the costs of the 
extra equipment associated with the methanation process.  
 It is projected that hydrogen will remain more expensive than other forms of long-term 
storage, namely pumped hydro and compressed air. However, this paper has discussed how 
pumped hydro and CAES have specific geographic requirements that will prevent them from 
being deployed in most areas. Despite its higher cost, hydrogen can be deployed anywhere, and 
is very easily scalable, and thus will be the better option for long-term storage.. In addition, this 
paper has discussed using hydrogen to meet peak energy demand. During peak demand, energy 
can be sold for a much higher price than during off-peak times, which means that owners of 
hydrogen storage assets will be able to recoup their investments more quickly.  
 The cost decrease between 2015 and 2030 is in large part a reflection of the significant 
investments in hydrogen and fuel cell technology. For example, the US Department of Energy is 
running the H2@Scale program, which gives grant funding to businesses and researchers who 
have ideas on how to drive down the cost of hydrogen technology. The grants are specifically for 
research projects “including advanced hydrogen storage and infrastructure R&D; innovative 
concepts for hydrogen production and utilization; and integrated production, storage and fueling 
systems” (EERE News). The DOE recognizes the potential for hydrogen technology, and is 
helping bring promising technologies to scale. In addition to the DOE, many companies are 
investing in hydrogen infrastructure for transportation applications. This is mostly taking place in 
Germany, Japan, and California, but a new company, Nikola Motor, has plans to build a 
nationwide network of fueling stations for their fuel cell electric truck. Investments in fueling 
infrastructure will help drive down the costs of electrolyzers and hydrogen storage. While the 
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fuel cells used in motive applications are not the same as those used in stationary applications, 
there is some crossover, and fuel cell costs for transportation will help reduce the cost for 
stationary sources.  
Other factors at work in the electricity sector 
 It is worth noting that there are a few other factors at work in the electricity sector that 
will affect how peaker plants are used in the future. The first is the use of demand response 
technology to shift loads to periods of high renewable generation. Demand-response mechanisms 
such as real-time pricing have the potential to reduce peak demand overall, thus reducing the 
need for peaking capacity. Instead, peak demand would better line up with peak production from 
renewables. Battery electric vehicles can also be used to shift the timing of demand loads, and 
could provide some behind the meter peaking capacity as well.  
 Additionally, some utilities are opting to pair energy storage with energy efficiency 
improvements, rather than building a new gas peaker plant. Duke Energy recently announced 
that it will push back the construction of a natural gas peaker plant near Asheville, North 
Carolina from 2023 to 2027. This delay is in large part due to a push from the city for more 
energy efficiency and energy storage (Davis, 2017). Duke Energy has said that there is potential 
for the plant to be delayed even further if there is continued adoption of energy efficiency in the 
region (Davis, 2017). If energy efficiency measures can improve nationwide, then it will reduce 
the need for peaking capacity overall.  
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Conclusion 
 A typical hydrogen storage system in 2030 will likely use a Proton Exchange Membrane 
(PEM) electrolyzer for production. To further the end goal of reducing greenhouse gas 
emissions, the electrolyzer should be powered by renewable energy, and PEM electrolyzers have 
the quick response ties that can deal with fluctuating generation from renewables. The hydrogen 
will be compressed and stored in tanks. Compression is the simplest way to store hydrogen, and 
it is far less energy intensive than liquefying hydrogen. Additionally, the hydrogen coming out of 
a PEM electrolyzer is already somewhat pressurized, making compression an ideal fit. To 
convert the hydrogen back into electricity, the storage system will use a Proton Exchange 
Membrane fuel cell. Despite greater cost, the quick start up and low operating temperature of 
PEM fuel cells make them ideal for the energy storage market. One of the biggest benefits of 
using energy storage instead of peaker plants is the quick response time of storage. A PEM fuel 
cell can offer this benefit. While PEM fuel cells require pure hydrogen, a PEM electrolyzer 
makes ultra-high purity hydrogen. This makes PEM electrolyzers and PEM fuel cells an ideal 
match. Finally, the electrolyzer, storage, and fuel cell should all be co-located to minimize the 
losses that would occur during transportation.  
 It is projected that energy storage has the ability to provide 10 GW of the 20 GW of 
additional peaking capacity needed between now and 2030 (EnergyWatch, 2018). This projected 
10 GW of peaking capacity will likely consist of several different types of storage to provide 
various services to the grid. However, the specific need for hydrogen energy storage will grow 
significantly over the next decade, in large part due to the aggressive renewable energy goals that 
some states are pursuing. Hydrogen technology can offer both seasonal energy storage and 
peaking capacity to utilities, which will help with the integration of large amounts of variable 
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renewable generation. Hydrogen storage systems are better suited than other types of storage 
because, similar to natural gas plants, their runtime is only dependent on the amount of gas 
available. Furthermore, hydrogen systems have fast response times for both the production of 
hydrogen by an electrolyzer and the production of electricity from a fuel cell. This means that 
hydrogen can easily be paired with variable renewable sources. Finally, hydrogen can be 
produced with zero emissions, while storage methods such as synthetic natural gas emit harmful 
criteria pollutants. In 2030, there will be about 5 GW of hydrogen energy storage in the United 
States. Despite higher costs, hydrogen storage systems provide several unique benefits to 
utilities, and will be an integral part in a more sustainable future.  
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